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An  experimental  investigation  of  the  motions  of  a  towed  submersible 
sensing  vehicle  due  to  external  forcing  functions  of  surge  and  heuve  is  made. 
Using  the  U.S.  Naval  Academy's  high  speed  tow  tank  facility,  experiments  were 
conducted  using  a  half  scale  model  of  a  current  NCSC  towed  vehicle  in  which 
was  carried  a  motion  measurement  package  that  measured  pitch,  roll,  yaw, 
longitudinal  and  vertical  accelerations.  Surge  and  heave  displacements  at 
various  forcing  frequencies  and  displacements  up  to  +_  1.0  ft  were  generated 
after  developing  excitation  apparatus  that  would  be  compatible  with  the  tow 
tank  facility.  Effects  of  tow  cable  geometry  and  towing  speeds  were  investi¬ 
gated.  A  simple  mathematical  model  for  heaving  motion  was  developed  to  lend 
verification  to  experimental  measurements.  An  audio-colored  visual  tape  of 
the  experimental  study  was  made  showing  t> ?  salient  aspects  of  the  investiga¬ 
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This  report  describes  and  discusses  the  towed  sensing  submersible  system 
which  was  designed,  constructed  and  recently  put  into  service  at  the  United 
States  Naval  Academy.  The  most  unique  feature  of  the  system  is  the  method 
used  to  impart  the  longitudinal  and  heaving  motions  to  a  given  submerged  body. 
This  enables  the  accurate  determination  of  individual  motions,  whether  in  pure 
axial  translation  or  pure  vertical  translation,  or  coupled  together. 

The  instrumentation  measuring  apparatus  is  self  contained  and  read-outs  of 
the  pitch,  roll,  yaw,  axial  acceleration  and  vertical  acceleiution  can  be 
measured  simultaneously. 

The  recording  system  is  automatic  upon  command  and  contains  features  which 
are  intended  to  reduce  data  processing  to  a  minimum.  The  steady  state  data 
can  be  obtained  digitally  or  recorded  on  strip  charts  or  recording  tape.  The 
oscillation  measurements  are  recorded  as  essentially  discrete  values  of  inphase 
components  for  prescribed  tow  velocities,  cable  tow  lengths,  heaving  and 
longitudinal  excitation  frequences,  and  heaving  and  longitudinal  excitation 
amplitudes. 


1.  Introduction 


Simulation  of  underwater  environmental  situations  for  towed  sensing 
vehicles  is  of  increased  interest  to  the  marine  engineer  and  to  the  U.S.  Navy. 
Towed  submessibles  with  sensing  devices  are  used  to  detect  underwater  fixed 
and  moving  objects  as  wall  a t  to  provide  information  on  the  properties  of  the 

sea. 

The  U.S.  Naval  Academy  (USNA)  conducted  a  hydrodynamic  experimental  analy¬ 
sis  of  a  unique  sensing  vehicle  designed  by  the  Naval  Coastal  Systems  Center 
(NCSC).  This  vehicle  conformed  to  a  specific  set  of  requirements  for  stable 
operation  through  a  range  of  fixed  depth  towed  velocities  and  cable  lengths. 
For  simulation  tests,  the  vehicle  had  to  be  redesigned  to  half  scale.  A 
towing  apparatus  had  tc  be  designed  to  tow  the  model  at  a  fixed  depth  along 
with  a  nmans  to  vary  the  length  of  towing  cable.  Accurate  simulation  of  pro¬ 
totype  motions  required  designing  devices  to  impose  vertical  and  horizontal 
oscillatory  motions  of  various  amplitude  and  frequency  to  the  towed  vehicle. 
This  would  help  create  actual  sea-state  conditions  found  to  exist  for  the  pro¬ 
totype  towed  vehicle.  The  project  goal  was  to  simulate  the  principle 
variables  necessary  for  hydrodynamic  stability  that  exist  for  a  vehicle  being 
towed  by  a  ship  in  the  ocean. 

The  design,  construction,  assembly  and  operation  for  each  component  of  the 
laboratory  towing  system  had  to  be  compatable  with  the  limitations  of  the  USNA 
high  speed  towing  carriage.  The  tear-down  operation  of  the  entire  experimen¬ 
tal  apparatus  had  to  be  simple  yet  highly  efficient  as  the  USNA  towing 
carriage  had  numerous  users.  Repeatability  of  any  test  had  to  give  consistent 
results.  The  design  of  the  towing  device  required  it  was  not  to  interfere 
hydrodynamics lly  with  the  towed  vehicle. 

The  experimental  analysis  discusses  the  effect  of  speed,  cable  tow  length. 


1 


excitation  frequency  and  response  on  the  pitch,  roll,  yaw,  axial  and  vertical 
accelerations  of  the  towed  vehicle. 

This  report  documents  the  experimental  design  by  presenting  the  design 
requirements,  defining  the  constraints  of  the  towed  vehicle,  evaluating  the 
effects  of  external  parametric  properties  on  the  vehicle's  motion,  and  deve¬ 
loping  the  criteria  for  stable  operation  based  upon  measurfd  results.  An 
experimental  analysis  for  modeling  tow  tank  testing  is  also  presented. 


2.  Principle  of  Operation 

The  USNA  Towed  Submersible  System  as  it  physically  exists  is  described  in 
the  next  section.  It  is  desirable,  however,  to  consider  first  the  principles 
underlying  the  operation  of  the  mechanism  so  that  the  design  concept  can  be 
understood.  The  system  was  designed  primarily  for  obtaining  oscillatory  types 
of  motion  of  deeply  submerged  bodies  in  the  vertical  plane  of  motion.  It  can 
be  used  as  well  to  obtain  vertical-plane  motions  for  bodies  operating  near  or 
on  the  water  surface. 

The  diagram  below  schematically  represents  this  type  of  motion.  The  com¬ 
ponents  are  given  with  respect  to  a  body-axis  system  with  the  origin  at  the 
center  of  gravity,  c.g. 


The  system  produces  this  motion  indirectly,  by  using  the  towing  carriage 
shown  in  Figures  A.l  and  A. 2  and  the  excitation  apparatus  described  in  section 
3.4.  Sinusoidal  motions  are  imposed  to  the  towed  submerged  vehicle  at  the 
point  of  attachment  of  the  towing  cable  located  at  the  towing  spar  while  the 
model  is  being  towed  through  the  water  by  the  tow  carriage.  The  motions  are 
phased  in  such  a  manner  as  to  produce  the  designed  conditions  of  hydrodynami- 
cally  pure  heave  and  pure  surge.  It  is  possible  to  produce  various  com¬ 
binations  of  heave  and  surge. 

Since  the  model  is  subjected  to  both  linear  and  angular  accelerations  a 
mixture  of  static,  rotary  and  acceleration  forces  and  moments  result,  which 


determine  the  pitch,  roll  and  yaw  responses  of  the  model  in  addition  to  the 
longitudinal  and  vertical  acceleration,').  A  pure  heaving  motion  is  obtained  by 
the  vertical  excitation  apparatus,  keeping  the  horizontal  excitation  apparatus 
at  zero  frequency.  The  model  c.g.  moves  in  a  sinusoidal  path  where  the  pitch 
angle  6  is  also  sinusoidal. 


the  operational  requirements  of  the  sensor  vehicle.  The  design  objectives  are 
swaaarized  below: 

(1)  Operational  depth,  10  feet  below  water  surface. 

(2)  Operational  speeds,  0-18  ft/s. 

(3)  Tow  lengths,  5-15  ft. 

(4)  Cylindrical  section  in  model  for  instrumentation  cannister  and 
excess  cable. 

(5)  Bouyancy  mechanism  to  control  c.g/c.b  location. 

(6)  Longitudinal  excitation  at  cablr  attachment  point, 

0  <  <*»A<  1.0  Hz . 

(7)  Longitudinal  amplitude,  0  <  X  <  _+  1  ft. 

(8)  Vertical  excitation  at  cable  attachment  point,  0  <  we  <  1.0  Hz. 

(9)  Vertical  amplitude,  0  <  X  <  +_  1  ft. 

(10)  Maximum  +.  3  ft  depth  excursions. 

(11)  Maximum  1  degree  angle-of-attack  excursions. 

(12)  Minimum  10  second  vehicle  resonant  period. 

(13)  Safety  devices  to  fail  safe  on  all  moving  components,  and  arresting 
gear  for  towed  vehicle  at  end  of  run. 

The  conceptual  design  of  the  overall  towed  system  is  shown  in  Figure  1. 
The  towed  vehicle  was  approximately  one-half  scale  of  the  prototype  vehicle. 
The  size  and  volume  requirements  were  adjusted  to  accomodate  the  full  scale 
instrumentation  cannister.  This  required  that  the  model  be  9  in  in  diameter 
and  189.5  in  long.  The  towing  cable  was  fed  down  through  the  towing  spar, 
turned  and  fitted  into  a  feeder  block  so  that  a  predetermined  length  of  tow 
was  available.  The  cable  was  led  into  the  model's  semi-spherical  nose  and 


plugged  into  the  instrumentat ion  cannister  that  rested  inside  the  towed 
vehicle.  The  towing  spar  was  hoisted  onto  the  USNA  hydromechanic.  towing 
carriage  and  bolted  onto  pillow  blocks  that  moved  on  specially  designed  tracks 
mounted  on  the  towing  carriage  beams.  The  vertical  excitation  apparatus  was 
built  into  a  box  beam  structure  which  supported  the  loads  from  the  spar.  The 
horizontal  excitation  apparatus  was  built  onto  the  towing  carriage.  Each  of 
the  components  will  be  discussed  ii  the  following  sections.  Each  component 
was  designed  to  optimize  the  vehicle  to  perform  to  a  desired  level.  In  addi¬ 
tion,  each  component  had  to  be  easily  set-up,  so  that  tear-down  time  would  be 
minimal , 

3.2  Vehicle 

The  prototype  towed  vehicle  was  designed  by  NCSC.  The  geometry  that  was 
chosen  had  to  meet  specific  design  requirements.  Once  the  geometry  was 
defined,  then  modifications  were  made  based  upon  its  performance,  (notably  its 
dynamic  response).  Figure  2  shows  the  geometric  configuration  of  the  model.  A 
9  in  diameter  was  chosen  to  meet  the  housing  of  the  instrumentation  cannister 
that  contained  the  sensor  electronics  and  motion  measurement  package.  Special 
metal  rings  were  inserted  into  the  body  to  confine  the  cannister  in  the  body 
of  the  vehicle  and  to  help  achieve  neutral  bouyancy.  The  geometric  descrip¬ 
tion  of  the  vehicle  is  presented  in  Figure  2  along  with  the  location  of  the 
c.g.  and  c.b.  The  support  for  the  fin  was  designed  so  that  other  fin 
geometries  could  be  investigated.  This  report  confines  the  discussion  to  a 
fixed  geometry  that  is  22  in  at  the  root  chord  and  16.5  in  at  the  tip.  The 
trailing  edge  is  straight  and  is  12,5  in.  There  is  a  2  in  radius  of  cur¬ 
vature  at  the  tip  leading  edge.  The  fin  thickness  is  0.75  in,  tapering  to 
0.25  in  at  a  distance  of  3  in  from  the  trailing  edge. 

The  vehicle's  nose  is  hemispherical  of  4.5  in  radius.  A  metal  plug  fits 
into  the  hemispherical  nose  to  arrest  the  towing  cable,  as  shown  in  Figure  3. 
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The  two  vertical  and  two  horizontal  fins  were  based  on  a  NCSC  design, 
Karly  models  were  constructed  out  of  wood,  but  after  several  tows,  the  fins 
proved  unsatisfactory  resulting  in  metal  fins  being  made.  The  geometry  of  the 
fine  is  given  in  Figure  2, 

Table  1  presents  the  properties  of  the  sensor  vehicle. 

Tabic  1 

Properties  of  the  Towed  Submersible  Vehicle 


Vehicle  length,  (ft)  15.375 

Vehicle  dry  weight,  (lb)  109.5 

Body  wetted  area,  (ft2)  68,31 

Maas  of  water  inside  vehicle,  (slugs)  7.12 

Total  mass  of  vehicle,  (including  water)  10.53 

2 

Fin  planform  area,  (ft  )  1,67 

Longitudinal  location  of  c.g.,  (ft)  5.17 

(from  nose) 

Longitudinal  location  of  c.b.,(ft)  5.17 

(from  nose) 

Vertical  distance  c.g.  to  c.b.,  (ft)  0.21 


Figure  4  is  a  photograph  of  the  third  class  of  three  models  used  in  the 
testing  program.  The  first  class  was  constructed  out  of  wood  and  plastic. 

The  nose  and  tail  assembly  were  constructed  out  of  yellow  pine  and  treated 
with  an  epoxy  to  keep  it  dry.  The  body  was  constructed  out  of  plastic.  The 
second  towed  submersible  was  constructed  entirely  of  plastic.  Frequent 
testing  fatigued  the  plastic  resulting  in  numerous  cracks  leading  to  struc¬ 
tural  failure.  The  third  class  was  constructed  out  of  aluminum.  Though  more 
expensive  to  construct,  it  proved  to  be  the  most  satisfactory  of  models. 

3.3  Towing  Spar 

Figure  5  is  a  photograph  of  the  towing  spar  with  its  box  beam  assembly. 
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The  towing  spar  was  12  ft  long  two-dimensional  wing  of  NACA  0024  profile. 

Several  wing  sections  were  constructed  and  tested  in  the  USNA  recirculating 
water  table  for  a  range  of  free  stream  velocities.  Only  the  NACA  0024  proven 
to  provide  negligible  shed  vortices  that  could  effect  the  towed  vehicle  motion 
and  maintain  nominal  drag.  The  strength  member  of  the  strut  is  a  16  ft  length 
of  schedule  40,  3  in  stainless  steel  pipe  of  1/4  in  thickness.  The  pipe  was 
supported  by  an  aluminum  box  beam.  Numerous  strainless  steel  ribs  were 
attached  to  the  pipe  to  create  the  critical  8hape  of  the  spar.  The  geometry 
for  the  ribs  was  derived  from  the  NACA  0024  airfoil.  The  geometric  infor¬ 
mation  was  mathematically  programmed  into  the  USNA  CADIG  PDP  11  Computer,  and 
with  the  USNA' s  technological,  tooling  devices,  the  information  was  fed  to  a 
milling  machine  which  fabricated  the  ribs. 

Once  the  ribs  were  attached  to  the  pipe,  sheets  of  stainless  - -eel  were 
laid  over  the  structure  (see  Figure  5)  and  then  fitted  to  a  wooden  leading  edge. 
A  wooden  streamlined  airfoil  section  was  attached  to  the  tip  of  the  spar.  The 
trailing  edge  of  the  strut  was  constructed  out  of  several  hollow  stainless 
steel  rib  sections  (see  Figure  6).  A  towing  cable  was  allowed  to  pass 
through  the  hollow  rib  sections  along  the  length  of  the  spar  up  to  the  box 
beam. 

One  end  of  the  pipe  pessed  through  two  aluminum  thick  plates  that  were 
welded  to  the  box  beam  (see  Figure  7),  An  annular  stainless  steel  ring, 
seated  into  the  pipe*  was  bolted  to  the  upper  box  beam  plate.  The  wooden 
leading  edge  and  stainless  cteel  sheets  were  then  attached  to  the  pipe,  as 
shown  in  Figure  8. 

Internal  to  the  towing  spar  was  a  feeder  block  that  was  designed  to  move 
the  towing  cable,  transmitting  its  motion  to  the  towed  vehicle.  This  mecha¬ 
nism,  shown  in  Figure  9,  transmitted  vertical  motions  of  various  amplitudes 
and  frequencies  to  the  towed  vehicle.  It  also  allowed  the  cable  length  to  be 
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Adjusted  by  loosening  a  cover  p’ate  and  eliding  the  appropriate  length  through 

i  90*  curved  section. 

The  feeder  block  was  mounted  on  tracks  that  allowed  it  to  be  moved  1  ft 
maximum  from  its  centerline  position.  Stainless  sttel  cables  attached  to  each 
end  of  the  feeder  block  were  led  cp  directly  through  the  spar.  By  means  of  a 
wheel  mounted  at  the  tip  of  the  spar  (see  Figure  10),  the  steel  cables  passed 
up  to  an  oscillating  bar  which  controlled  the  vertical  movement  of  the  feeder 
block. 

The  vertical  excitation  apparatus  is  shown  in  Figure  11,  It's  principal 
part  is  a  motor  which  drives  an  oscillating  bar.  At  one  end  of  the  bar  was 
pinned,  a  second  bar.  At  one  end  of  the  bar  was  pinned  a  second  bar.  By 
moving  the  point  of  where  the  bar  was  pinned,  we  could  change  the  amplitude  of 
the  motion.  Figure  11  shows  the  second  bar  mounted  for  a  9  in  maximum  ampli¬ 
tude.  At  the  other  end  of  the  bar  was  a  slider  block  which  slid  along  a  ver¬ 
tical  rail,  The  two  ends  of  the  stainless  steel  cable  were  attached  to  the 
slider  block. 

Before  the  box  beam  spar  assembly  was  mounted  on  the  carriage  for  dynamic 
tests,  the  structure  was  statically  and  dynamically  tested  in  the  USNA'e 
structural  dynamics  laboratory.  Strain  gages  were  attached  at  numerous  loca¬ 
tions  on  the  assembly.  Figure  12  is  a  photograph  of  strain  gages  mounted  both 
inside  and  outside  tue  stainless  steel  pipe  at  the  spar's  tip.  Figure  13 
shows  4  strain  gages  at  one  spanwise  location,  one  on  a  rib,  two  on  the  pipe  and 
one  on  the  feeder  block  rail.  Concentrated  loads  were  applied  on  the  spar, 
and  deflections  measured.  Then  impact  loads  up  to  100  lbs  were  applied,  and 
deflections  measured.  The  structure  was  proven  to  be  extremely  stiff,  with  no 
significant  deflections  up  to  100  pound  impact  loads. 

3 .4  Longitudinal  Excitation  Apparatus 

The  longitudinal  excitation  apparatus  was  designed  to  provide  surging 
motion  of  particular  frequency  and  amplitude  to  the  towed  vehicle.  Figure  14 

9 


vV'V-Y-V'’-yV-Y' Y-Y-Y--  -'-V- Vy-'v 


A-'  A_- 


shows  Horae  of  the  components  of  the  apparatus.  Two  2  in  diameter  ground  steel 
shafts  along  with  associated  shaft  supports  were  mounted  on  the  lower  machined 
rails  of  the  towing  carriage.  Four  pillow  blocks  attached  to  the  box  beam 
assembly  provided  support  on  the  shafts  when  the  box  beam  spar  assembly  was 
lowered  into  place.  A  yoke  fitting  from  a  bar  attached  to  a  hydraulic  ram 
assembly  pushed  or  pulled  the  box  beam  along  the  two  shafts.  The  yoke  fitting 
was  attached  to  a  backing  plate  attached  to  the  box  beam  assembly  to  distri¬ 
bute  the  load  across  the  box  beam.  In  order  to  minimise  the  dynamic,  loading 
at  the  contact  point  between  the  support  plates  and  the  rail  module,  foam 
rubber  pads  were  inserted.  These  pads  increased  the  coefficient  of  friction 
and  reduced  the  chances  of  support  bolts  from  loosening  during  test  runs.  A 
set  of  casters  were  clamped  t:o  the  box  beam  providing  a  roller  mechanism  along 
the  lower  machined  surface  of  the  rail  module  to  correct  an  imbalance  between 
the  ram  contact  point  and  the  box  beam  assembly  support  point.  A  hydraulic 
pump  was  located  on  the  towing  carriage,  as  shown  in  Figure  14,  Hydraulic 
lines  from  the  pump  were  fed  to  the  hydraulic  ram.  Adjustment  of  pump 
pressure  controlled  the  frequency,  and  adjustment  of  the  ram  controlled  the 
amplitude. 

4.  Assembly  Procedure 

The  installation  of  the  apparatus  was  reduced  from  three  to  one  and  one- 
half  working  days  after  a  computer  set  of  parts  and  tooling  requirements  were 
drawn  using  a  atep-by-atep  procedure.  This  included  time  for  proper  alignment 
of  the  aasembly  so  that  no  initial  angle-of-attack  or  side  slip  for  the  spar 
existed.  The  procedure  used  and  to  be  used  in  future  investigations  is  as 
follows: 

1.  With  the  vehicle  resting  on  its  mount,  remove  the  nose  and  tail  sec¬ 
tions.  Insert  the  instrument  package,  along  with  the  two  retainer  rings,  into 
the  body.  Use  set  screws  to  secure  the  retainer  rings.  Insert  both  air  blad¬ 
ders.  To  facilitate  moving  the  vehicle,  attach  a  line  at  each  end:  a  stopper 
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knot  in  the  nose  and  a  knot  through  the  eye  bolt  at  the  tail. 

2.  Move  t’6  following  to  the  tow  tank: 

a.  Entire  strut  with  the  cable  run  through  and  with  all  moving  parts 

greased 

b.  Vehicle  with  its  instrument  package 

c.  Hydraulic  unit 

d.  Motor  and  gear  reducer 

3.  Raise  the  tow  tank's  beach  out  of  the  water.  With  a  guiding  line 
attached  to  the  end  of  the  strut  boom,  hoist  the  strut  up  horizontally  and 
move  it  over  the  beach.  Lower  the  strut  onto  the  beach,  remove  the  lifting 
strap  and  hoist  the  hook  all  the  way  to  the  top. 

4.  Manually  move  the  tow  tank  carriage  until  the  mounting  track  is  cen¬ 
tered  over  the  strut.  Attach  the  lifting  strap  at  the  end  of  the  strut  frame. 
Begin  lowering  the  beach  and  hoist  up  on  the  strut  slowly,  so  that  as  little 
force  as  possible  is  on  the  tip  of  the  strut  boom.  Use  the  guiding  line  if 
necessary  to  ease  any  force. 

5.  Lift  the  strut  frame  through  the  carriage  mounting  tracks  until  the 
bottom  edge  of  the  strut  frame  is  even  with  the  bottom  rail  of  the  mount. 

6.  With  the  strut  hanging  in  this  position,  attach  the  two  slide  rails 
by  screwing  the  pillow  block  bearings  into  the  strut  frame.  Then  twist  the 
entire  strut  so  that  it  is  aligned  in  the  proper  direction.  Lower  the  strut 
down  on  the  mounting  rail  and  clamp  down  all  four  corners.  However,  clamp 
down  an  aluminum  shim  on  the  forward  end  of  the  upper  mounting  rail  to  prevent 
the  slid*  rails  mounts  from  sliding  into  the  vertical  tracks  of  the  carriage 
mount  frame  in  case  of  a  quick  stop. 

7.  Return  the  hoist  »nd  pick  up  th-~'  motor  and  gear  reducer  unit  and 
bring  it  back  to  the  carr  ?e.  Mount  chis  unit  on  top  of  the  strut  frame. 

8.  Return  the  hoist,  pick  up  the  hydraulic  unit,  bring  it  to  the 
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carriage  and  set  it  down  on  the  back  end  of  the  carriage  deck.  See  Figure  14. 

9.  Using  a  plywood  board  as  a  seat  between  the  lower  count  rails  and  by 
using  the  hoist,  lower  the  two  large  aluminum  plates  to  the  lower  mount  rail. 

10.  While  sitting  on  the  seat,  bolt  the  two  plates  together  onto  the 
rail.  Be  sure  to  use  foam  rubber  between  the  plates  and  the  rail. 

11.  Lower  the  hydraulic  ram  into  position  below  the  two  plates  and  screw 
it  into  the  bottom  plate.  Next,  attach  the  piston  to  the  two-way  joint 
located  on  the  strut  frame.  Then  connect  the  hydraulic  hoses  between  the  pump 
and  the  ram . 

12.  Screw  the  vertical  pushrod  into  the  rotating  arm  coming  out  of  the 
gear  reducer . 

13.  Lubricate  the  vertical  slide,  both  slide  rails  and  the  hydraulic 
piston. 

14.  Clamp  the  4  caster  wheels,  using  3  aluminum  shims  for  each  wheel 

to  the  bottom  edge  of  the  strut  frame.  Leave  around  1/8  inch  clearance  bet¬ 
ween  the  wheel  and  the  bottom  rail. 

15.  Clamp  the  limit  switches  to  the  lower  mount  rail  after  having  deter¬ 
mined  their  positions  by  sliding  the  strut  to  the  limit  of  the  slide  rail. 
Clamp  the  mounting  bracket  to  the  strut  frame  and  clamp  down  the  adjustable 
rams  when  the  desired  amplitude  is  measured  between  the  two  rams  and  their 
limit  switches. 

16.  Hook  up  the  power  panel  in  the  tow  carriage  house  and  then  hook  up 
the  two  limit  switches  to  the  power  panel.  Using  the  pump's  wiring  diagram, 
hook  up  the  hydraulic  pump  motor  and  the  electric  motor  (from  gear  reducer)  to 
the  start-stop  switches  located  on  the  power  panel.  Refer  to  Figure  15. 

17.  On  the  catwalk,  remove  the  rope  from  the  nosecone  and  then  run  the 
tow  cable  through  the  nosecone  and  hook  up  to  the  instrument  package. 


18.  Measure  the  tow  cable  length  and  adjust  if  necessary  by  moving  the 
clamp  which  is  attached  to  the  steel  excitation  cable. 

19.  Run  the  cable  from  the  strut  frame  through  the  carriage  frame  and 
over  to  the  high  speed  carriage. 

20.  Hook  up  the  electrical  system  on  the  high  speed  carriage  as  shown  in 
Figure  16. 

21.  Attach  an  eye  bolt  to  the  end  of  a  15  ft  piece  of  angle  aluminum  and 
clamp  the  other  end  to  the  back  end  of  the  carriage  deck  next  to  the  hydraulic 
unit.  Run  the  monofilament  braking  line  through  the  eye  bolt  and  replace  it 
on  the  tail  of  the  vehicle, 

22.  Screw  on  nosecone  and  put  the  vehicle  in  the  water. 

23.  The  vehicle  is  ready  for  test. 

5 .  Data  Acquisition  and  Recovery  System 
Early  in  the  test  program,  the  instrumentation  and  data  acquisition 
system  contained  a  common  ground  problem  which  resulted  in  cross-channel 
interference  anong  all  six  data  channels.  This  problem  was  resolved  in  the 
software  of  the  data  acquisition  system.  The  vertical  drive  motor  was  found 
to  trip  itself  off  the  line  after  running  for  periods  where  extreme  loads 
existed.  This  was  rectified  by  starting  the  motor  just  prior  to  a  run  and 
turning  it  off  after  completing  a  run. 

Data  acquisition  involved  the  CADIG  4051  Tektronix  computer  data 
acquistion  and  graphic  display  system.  The  Tektronix  4050  series  computers 
can  be  used  as  stand  alone  graphics  and  data  acquisition  systems  as  well  ae 
graphics  terminals.  When  using  the  data  acquisition  capabilities  of  the 
Tektronix  computers,  it  is  often  useful  to  plot  the  data  to  verify  the  correct 
operation  of  an  experiment.  Even  data  which  has  been  stored  on  the  Tektronix 
data  cartridges  may  be  plotted  without  the  need  for  an  external  computer. 


After  utilizing  the  data  acquisition  for  two  test  programs,  three  major 
areas  of  concern  were  noted: 

1.  Set  up  of  the  system  itself  inside  the  carriage  housing  proved  to  be 
a  cumbersome  and  time-consuming  operation. 

2.  Data  acquisition  required  an  operator  to  monitor  the  computer  the 
entire  time  throughout  a  data  run  to  input  various  commands.  This  allowed  for 
several  carriage  runs  to  be  made  in  which  data  was  lost  due  to  mistaken  inputs 
by  the  operator. 

3.  The  NCSC  instrumentation  package  and  NCSC  suppressor  bov.  produced  a 
±20  volt  signal,  while  the  Cadig  4051  Tektronix  was  equiped  to  handle  only  a  _+ 
10  volt  signal  effectively.  This  resulted  in  clipped  signal  transmission,  and 
eventual  system  overload  on  certain  data  channels. 

After  two  sessions  of  testing  in  the  tow  tank  with  little  accumulation  of 
significant  data,  it  was  decided  a  more  reliable  and  responsive  system  of  data 
acquisition  was  required.  The  problem  was  eventually  resolved  by  re-wiring 
the  suppressor  box  ground  system  on  the  six  data  channels.  This  created  ±10 
volt  maximum  output  signal,  and  allowed  for  use  of  the  USNA  laser  modulated 
data  transmission  system  and  the  data  acquisition  computer. 

The  Transera  analog  to  digital  converter  was  used  to  read  voltages  up  to 
16  different  sources  with  8  or  12  bits  of  resolution  over  the  input  voltage 
range.  The  a/d  module  plugs  into  the  ROM  sockets  on  the  back  of  the  Tektronix 
4051  computer.  Twelve  routines  which  control  the  converter  and  manipulate  the 
data  are  included  in  the  module  and  are  directly  callable  from  the  Tektronix. 

Sixteen  channels  of  differential  inputs  are  available.  The  maximum  data 
rate  depends  on  the  resolution  desired;  8  bit  samples  may  be  acquired  at  the 
rate  of  32,000  samples  per  second  while  12  bit  samples  may  be  obtained  at 
20,000  samples  per  second.  A  programmable  gain  amplifier  is  included  in  the 
module  for  measuring  low  level  voltages.  The  table  of  gains  below  shows  the 
voltage  range  and  resolution  for  each  setting. 


TABLE  OF  GAINS 


GAIN 

VOLTAGE 

12  BIT  RESOLUTION 

8  BIT  RESOLUTION 

X  1 

±10 

5  mv 

78  mv 

X  4 

±2.5 

1.25  mv 

20  mv 

X  32 

±0.3 

0.25  mv 

2.5  mv 

Two  nodes  perform  automatic  gain  selection,  another  allows  any  channel  to 
be  programmed,  while  another  restricts  the  channels  which  may  be  programmed. 

Appendix  A  contains  the  operation  of  the  Transera  analog  to  digital 
converter. 

Once  the  instrumentation  of  the  sensing  device  was  made  compatible  with 
the  data  acquisition  and  graphic  display  system,  the  test  runs  began  and  the 
data  was  compiled.  Appendix  B  contains  a  sample  of  some  of  the  data  taken. 

6.  Problem  Areas 

Numerous  problems  were  encountered  in  the  design  and  test  of  the  experi¬ 
mental  apparatus.  Aside  from  the  electronics  problems  mentioned  in  the  pre¬ 
vious  sections,  the  problems  encountered  were  largely  in  the  structural 
dynamics  field.  Rather  than  simply  itemizing  them,  the  following  narration  as 
taken  from  the  log  is  typical  of  the  problems  that  arose. 

"On  the  second  day  of  testing  the  sealant  failed  on  the  wooden  sections 
and  the  vehicle  began  absorbing  water.  They  became  so  heavily  ballasted  that 
it  would  ride  off  the  bottom  of  the  tow  tank  at  low  speeds  (3-6  fps).  This 
dragging  effect  produced  significant  wear  in  the  tow  cable  and  damaged  the 
tail  fins."  Another  problem  that  was  logged:  "There  are  several  groups  of 
steel  bolts  anchored  into  the  bottom  of  the  tow  tank  that  gouge  the  wooden 
nose  of  the  vehicle  as  it  was  dragging  the  vehicle  back  to  the  start  of  the 
test.  Eventually  the  vehicle  snagged  one  of  these  bolts  as  the  carriage  was 
being  backed  at  3  fps,  forcing  the  steel  center  pipe  in  the  strut  to  bend. 


(See  Figure  17).  The  damage  was  severe  enough  to  cause  a  shut  down  of  all 
testing  for  the  remainder  of  the  month  to  consider  a  redesign  of  several 
systems.  Later  analysis  revealed  that  the  moment  arm  created  by  the  loading 
on  the  bottom  of  the  strut,  and  the  knife-edge  support  at  top,  resulted  from  e. 
snag  force  of  204  lbs  or  greater." 

"The  remainder  of  the  summer  was  spent  in  repairing  the  damaged  systems . 
In  order  to  remove  the  bend  in  the  strut,  it  was  cut  8  inches  above  and  below 
the  bend.  Then  a  steel  sleeve  was  made  as  an  insert.  The  sleeve  was  turned 
down  from  a  piece  of  3  in.  schedule  180  steel  pipe.  The  sleeve  was  butt 
welded  to  the  stainless  as  well  as  mechanically  fastened  with  8  3/8"  x  16" 
screw.  However  since  the  sleeve  is  not  made  of  stainless,  this  area  had  to 
be  monitored  in  all  future  runs  for  damage  due  to  corrosion.  In  subsequent 
testing  the  repair  appeared  to  be  withstanding  all  loading  conditions, 
including  hoisting  operations,  with  no  inelastic  bending  effects." 

The  major  point  of  concern  was  that  the  damage  would  have  never  occurred 
had  the  vehicle  not  become  waterlogged  and  sank.  Therefore,  it  was  decided  to 
replace  all  wooden  parts  with  those  made  of  material  resistant  to  water 
absorption,  and  provide  a  secure  ballasting  system.  A  new  nose  piece  was  cast 
of  aluminum  in  the  USNA  foundry,  and  then  turned  to  final  specifications  on 
the  numerical-control  lathe. 

The  tail  section  was  cast  in  the  form  of  a  cone  over  a  three  day  period 
of  301  plastic  casting  material.  It  was  then  turned  to  size  and  milled  for  T 
slots  to  allow  eaaily  interchangeable  fin  designs.  In  order  to  provide 
increased  bouyancy  the  tail  was  filled  with  a  two-part  closed  cell  foam  known 
as  iso-foam.  To  provide  for  quick  ballasting  tT’o  air  bladders  with  fill 
valves  on  the  exterior  of  the  vehicle  were  installed.  A  portable  regulator 
and  air  cylinder  were  provided  to  allow  ballasting  of  vehicle  directly 
alongside  the  tow  tank  carriage. 
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In  addition  to  such  structural  failures,  there  were  numerous  problems 
with  the  NCSC  suppressor  box  and  the  instrumentation  package.  The  suppressor 
box  had  to  be  rewired  numerous  times,  and  the  bread  board  of  the  instrumen¬ 
tation  package  had  to  be  carefully  analyzed  as  frequent  failures  of  the 
instrumentation  resulted  in  a  suspension  of  the  testing  program  for  months. 

Sections  of  the  towing  cable  had  to  be  spliced  due  to  lack  of  armor  and 
exterior  protection.  A  typical  damaged  section  is  shown  in  Figure  18. 

7 .  Mathematical  Model  of  the  Vertical  Excitation 

To  gain  some  insight  into  the  response  of  the  towed  vehicle  in  one  of  its 
excitation  modes  a  mathematical  model  of  the  behavior  of  the  towed  vehicle  in 
the  vertical  direction  was  studied.  The  vertical  motion  was  assumed  to  be 
independent  of  all  horizontal  planar  motions.  The  tow  is  assumed  to  be  of  a 
neutrally  bouyant  completely  submerged  vehicle  that  has  a  vertical  force  Fz  and 
a  longitudinal  force  Fx.  Since  the  analysis  is  restricted  to  solely  the  ver¬ 
tical  direction,  Newton's  equation  of  motion  shows  that  for  uncoupled  motion 
only  vertical  forces  need  be  considered. 

The  vertical  force  Fz  originates  from  the  feeder  block  of  Figure  9,  which 
is  the  result  of  an  electric  motor  generating  a  sinusoidal  force  chrough  an 
adjustable  oscillatory  arm  in  which  w  (the  rotational  speed)  has  been  reduced 
by  a  set  of  reduction  gears  and  a  pulley  system. 

Let  the  tow  cable  be  assumed  rigid  and  massless.  Assume  the  vehicle  has 
negligible  angle-of-attack  while  being  towed.  This  is  partly  due  to  the 
counteracting  forces  generated  by  the  stabilizing  fins.  (High  speed  pho¬ 
tography  verified  this  assumption.)  Body  forces  due  to  gravity  are  neglected 
since  the  vehicle  is  neutrally  bouyant. 

Figure  19  depicts  the  geometry  for  the  analysis.  The  length  of  the  tow 
cable  is  denoted  by  £.  and  the  mass  of  the  vehicle  (including  inside  mass  of 
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water)  is  M,  Let  z^  be  the  distance  from  tho  tank  floor  to  the  feeder  block, 
and  z2  be  the  distance  from  the  tank  floor  to  the  C.M.  of  the  vehicle.  One 
can  then  show  from  Newton's  second  law  of  motion  and  the  geometry  of  Figure 


19  that 

Mz„  +  Cz_  +  (F-)  z0/P 
2  2  z  max  2/* 


...l) 
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The  damping  coefficient  C  was  evaluated  by  measuring  the  force  that 
pulled  the  vehicle  through  the  water  at  approximately  1  ft/s.  The  damping 
coefficient  was  calculated  to  be 

3.75  lbf 

c  "  ft/s  . .  .8) 

Substituting  the  measured  and  calculated  constants  into  the  equat*.n  of 
vertical  motion  resulted  in 

10.53  s  +  3.75  z  +  334 •31-  z  -  334-31  [3  +  R  sinU.53  t) ] 

R£  R A  ...9) 

The  values  of  the  amplitude  R  ranged  from  0.5  ft  to  1  ft,  and  three  values  of 

tow  length  were  chosen:  10,  12.5,  and  15  ft.  For  example,  for  R  *  0.5  ft,  and 

i  "10  Equation  (9)  becomes 

10.53  z  +  3.75  z  +  80.23  z  -  80.23  [3  +  0.5  sin(1.53  t)]  ...10) 

Using  the  method  of  Laplace  transformations,  the  transform  yields  after  a  bit 
of  manipulation 

/  x  _  a2  +  0.213  s  +  2.34 

s(a)  -  - 

a5  +  0.356  s4  +  9.96  s3  +  0.833  s2  +  17.83  s  ...11) 

Rather  than  solve  the  transform  through  standard  analytical  techniques,  a  com¬ 
puter  solution  was  investigated. 

The  following  data  statements  required  entry  into  the  computer  program 

which  delineated  the  number  of  polynomials  in  the  numerator  and  denominator, 

the  order  of  the  polynomials,  and  the  coefficients  of  the  polynomials. 

100  DATA  1 
110  DATA  1 

120  DATA  2,1, .213,2.340 
130  DATA  1 

140  DATA  5,1, .356,9.96, .833,17.831,0 
150  DATA  YES, 0,10, .1 
160  DATA  YES 

Three  computer  solutions  are  included  in  Appendix  C  each  using  the  values 
of  R  *  0.5  ft  and  £  ■  10  ft.  The  first  solution  is  for  a  run-time  of  ten 
seconds  with  0.1  second  intervals.  The  second  solution  is  for  a  50  second 
run-time  at  2.5  second  intervals,  and  the  third  solution  is  a  50  second  run¬ 
time  at  1  second  intervals. 

ly 


Figure  20  is  a  plot  of  the  values  of  the  response  z(t)  obtained  from  the 
computer  print-out  of  Appendix  C.  The  response  shows  an  initial  amplitude 
divergence,  but  this  gradually  dampens  out,  indicating  a  stable  response. 

The  frequency  of  the  response  is  0.44  cps,  or  2.76  rad/s  for  a  forcing  fre¬ 
quency  of  1.53  rad/s. 

An  analog  solution  of  the  equation  of  vertical  motion  for  R  *  0.5  ft,  and 
l  m  10  ft  was  investigated  so  that  a  comparison  could  be  made  against  the 
digital  solution  (Equation  10)  was  normalized  such  that 

z  ■  -0.356  z  -  7.62  z  +  3.17  sin  1.53  t  +  22.86  ...12) 

Let 

zn  *  4  ft/s2  ;  zn  *  2  ft/s  ;  zn  ■  1  ft  ...13) 


such  that 


6n 


2  "  "°*356  z  T~  -  7-62  z  —  +  3.17  sin  1.53  t  +  22.86 

zn  zn  zn 

Setting 

Z  -  z/zn  ;  Z  -  z/zn  ;  Z  «  z/zn 
we  transform  Equation  (14)  as 


. . .14) 


...15) 


Z  «  -  0.356  -  7.62  Z  ]  +  -2—  s 

n  '  Zn  '  Zn 


22-86 


sin  1 . 53  t  +  z 


.16) 


resulting  in 

Z  -  0.178  Z  -  1.91  Z  +  0.794  sin  1.53  t  +  5.71  ...17) 

Figure  21  shows  thee  flow  diagram  for  Equation  (17).  The  motion  of  the  veh¬ 
icle  is  determined  over  10,  20  and  50  seconds  of  actual  towing  time.  Pots^, 
(5)and(^of  Figure  21  depend  upon  the  values  of  R  and  Z,  according  co  the 
following  equation: 

Z  -  -  0.178  Z  -  hi £  +  111 1  +  23.81 
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For  pots  (p  and  0.  we  use  the  following:  for  pot  (7) 

fS.  -  ±  -  2.0 

z‘n  2  ...19) 

or  0.2  with  10  gain,  and  for  pot  , 

« 

B  _2_  m  2,0 

*n  1  ...20) 

or  0,2  with  10  gain.  The  values  of  these  two  pots  were  constant  throughout 
the  analysis.  The  sine  generator  in  Figure  21  came  from  a  slave  unit  and  its 
pots  and  amplifier  numbers  are  denoted  by  a  prime.  The  results  of  the  analog 
simulation  are  presented  in  Figures  22  to  45. 

8 .  Results  of  Analysis 

Tables  2  and  3  summarize  the  maximum  vertical  acceleration,  response  fre¬ 
quency  and  relative  stability  of  the  vertical  motion  of  the  towed  submersible 
under  the  constraints  given  in  the  previous  sections.  The  results  are  for  3 
different  tow  lengths,  and  6  different  excitation  amplitudes  for  a  fixed  exci¬ 
tation  frequency  of  1.53  rad/s. 

In  general,  a  lengthening  of  the  tow  cable  decreased  the  magnitude  of  the 
vertical  acceleration,  particularly  the  third  cycle.  (Compare  Figures  29,  37 
and  45.)  The  greater  the  excitation  amplitude,  the  greater  the  magnitude  of 
the  vertical  acceleration. 

Consider  Figures  26,  34  and  42.  They  are  for  a  15  ft  tow.  Figure  26  is 
the  vehicles'  acceleration  Z  versus  real  time  t.  Figure  34  is  the  vehicle's 
velocity  Z  versus  t,  and  Figure  42  is  the  vehicle's  displacement  Z  versus  t. 
For  all  three  figures,  let  us  compare  the  curves  for  an  excitation  amplitude 
of  0.5  ft.  When  the  displacement  Z  ■  0,  the  vehicle  is  in  the  static 
equilibrium  position  directly  behind  the  feeder  block.  The  vehicle  oscillates 
vertically  as  it  is  towed  at  a  frequency  of  0.245  cps  and  passes  through  the 
static  equilibrium  position  at  t  =  2.6,  4.1,  6.4,  8.1,  etc.  seconds  at  which 
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Table  2 


Results  of  Maximum  Acceleration  for  Different  Tows  and  Amplitudes 
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Tow  Length 


R  (ft) 
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12 


Relat ive 
Stabil it 


2.3 

5.0 

.230 

No  change 

2.0 

5.0 

.230 

No  change 

1.75 

5.0 

.230 

No  change 

1.40 

5.2 

,244 
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1.1 

5.0 

.227 
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1.0 

4.9 

.222 
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.238 

No  change 

1.6 
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.238 

No  change 
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4.85 

.238 
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1.20 

4.82 

.238 
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.80 

4.80 

.238 
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.78 

4,70 

.238 
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1.50 

3.85 

.256 
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1.20 

4.00 

.244 
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1.00 

4.45 

.238 
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1.00 

4.70 

.237 

Decrease 

0.75 

4.40 

.233 
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0.75 

4.37 
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Figure  27  Figure  26  Figure  25  Figure  24  Figure  23 


15.0  ft  12.5  ft  10.0  ft 


Table  3 


Results  of  Vertical  Displacement  Z  for  Different  Tows  Lengths  and  Amplitude 
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time  the  velocity  Z  is  «  maximum  (fee  Figures'  14)  and  the  acceleration  /.  in  r.ero 


(See  Figure  26).  Similarly,  the  maximum  d iaplacementa  (and  accelerations)  of 
the  vehicle  occur  when  the  velocity  is  zero,  i.e.,  at  t  a  1.75,  3,375,  5.375, 
7.25,  etc,,  seconds,  A  similar  conclusion  is  reached  for  other  combinations  of 
tow  length  and  excitation  amplitude. 

A  comparison  of  the  simplified  mathematical  model  against  actual  experimen¬ 
tal  measurements  showed  similar  behavior  and  response  frequencies.  For  example, 
comparing  the  mathematical  solution  of  the  acceleration  Z(t)  of  Figure  22  with 
the  experimental  measurement  for  Z(t)  of  case  7  (Figure  163)  shows  the  response 
frequencies  within  5%  error.  Hence,  the  mathematical  model  served  as  a  first 
order  approximation  to  validate  the  experimental  measurements. 

9 .  Result  of  Experimental  Program 

Figures  46-179  present  a  small  portion  of  the  experimental  measurements. 
Figures  46-68  show  the  variation  of  velocity  with  real  time  for  a  variety  of  tow 
lengths,  excitation  amplitudes  and  frequencies.  The  figures  are  important  as 
they  show  the  precise  time  the  vehicle  reaches  its  desired  velocity  as  well  as 
the  interval  of  time  at  which  the  velocity  is  constant.  During  this  interval  of 
time  we  are  interested  in  measuring  the  pitch,  roll,  yaw,  x-acceleration,  and 
x-acceleration. 

Case  numbers  2-4,  8,  15,  and  16  are  for  no  excitation  in  the  horizontal  and 
vertical  modes.  All  other  runs  are  for  various  combinations  of  excitation  fre- 
que,  j  and  amplitude.  The  predetermined  value  of  vertical  excitation  frequency 
and  amplitude  match  the  value  of  the  horizontal  excitation  frequency  and  ampli¬ 
tude.  (See  Table  4  for  identifying  the  parameters  that  were  varied  in  the 
experiment . ) 

Figures  69-91  contain  the  vehicle's  pitch  response  versus  real  time  for 
Cases  2-24.  Figures  92-114  contain  the  vehicle's  roll  response  versus  real  time 
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EXPERIMENTAL  PARAMETERS 


Velocity ,(ft/s)  Tow  Length, (ft) 


4.02 

15 

6.0 

15 

5.98 

15 

6.0 

15 

6.0 

15 

6.0 

15 

18.0 

15 

18.0 

15 

18.0 

15 

6.0 

15 

18.0 

15 

18.0 

15 

6.0 

15 

6.0 

5 

18.0 

5 

18.0 

5 

6.0 

5 

6.0 

5 

18.0 

5 

18.0 

5 

6.0 

5 

6.0 

5 

18.0 

5 

Frequency,  (Hr)  I  Amplitude,  (in) 
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for  runs  2-24.  Figures  115-136  contain  the  vehicle's  yaw  response  versus  real 
time  for  runs  2-24.  Figures  137-157  contain  the  vehicle's  z-acceleration  versus 
real  time  for  runs  2-24.  Figures  158-179  contain  the  vehiile's  z-acceleration 
versus  real  time  for  runs  2-24. 

9 . 1  Pitch 

With  no  excitation,  the  pitch  increases  as  the  vehicle  accelerates,  then 
slowly  decays  to  near  equilibrium  position.  (See  Figure  70.)  Whenever  the 
vehicle  decelerates,  the  petch  may  initially  increase  (see  Figures  70  and  75) 
then  slowly  decays  back  to  its  equilibrium  position,  and  in  other  cases,  the 
pitch  decays  (see  Figure  71). 

With  external  excitation,  the  towed  submersible's  pitch  increases  suddenly 
during  thb  acceleration  until  reaching  a  relatively  large  pitching  angle.  Once 
the  vehicle  reaches  uniform  velocity,  the  vehicle  overshoots  its  equilibrium 
pitch  position  then  dampens  to  a  rather  small  value.  (See  Figures  72-76.) 

There  was  never  an  instapility  or  a  divergence  of  pitch  for  any  combination  of 
parameters.  The  largest  pitch  response  was  for  a  short  tow,  low  velocity,  large 
excitation  amplitude  and  small  excitation  frequency  (Case  14  or  Figure  81,  and 
Case  18  or  Figure  85),  The  resuonse  frequency  is  very  nearly  the  excitation 
frequency  in  all  cases  tested.  (See  in  particular  Figures  78,  85  and  86.) 

Changing  the  tow  cable  length  influences  the  pitch.  Comparing  Figure  73 
with  Figure  86  we  see  that  the  maximum  pitch  amplitedes  are  nearly  identical  for 
low  velocity,  moderate  excitation  frequency  and  large  excitation  amplitude.  Yet 
when  we  increase  the  excitation  frequency  from  0.2  Hz  to  0.33  Hz,  the  maximum 
pitch  response  of  the  short  tow  is  half  as  large  as  for  th7  long  tow.  (Compare 
Figure  78  with  Figure  90.)  At  high  speeds,  the  long  tow  has  a  pitch  response  as 
large  as  the  short  tow  case  for  the  moderate  excitation  frequency  (the  same 
conclusion  for  the  low  speed  tow),  as  can  seen  from  Figures  79  and  8 
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we  increase  the  excitation  from  0.2  Hz  to  0.33  Hz  the  maximum  pitch  response  of 
the  long  tow  is  half  as  large  as  for  the  short  tow.  (Compare  Figures  77  and 
91.)  This  is  just  the  opposite  to  what  we  learned  for  a  low  velocity  tow. 

Changing  the  excitation  frequency  influences  the  maximum  pitch  response. 
(See  Figures  72  and  73,  79  and  80  for  no  influence.)  Examination  of  Figures  85 
and  86  show  that  as  the  excitation  frequency  is  increased  from  0.1  Hz  to  0.2  Hz, 
the  maximum  pitch  angle  is  halved.  Note  both  responses  are  damped. 

9.2  Roll 

As  the  vehicle  accelerates  to  its  predetermined  experimental  velocity,  it 
rolls  to  a  significantly  large  angle,  and  in  the  majority  of  cases  quickly  rolls 
back  to  nearly  its  static  condition  during  its  constant  velocity  run.  (See 
Figures  94  to  100,  and  104.) 

For  the  case  of  no  external  excitation  (see  Figures  92-94,  98,  105,  and 
106),  all  but  for  the  short  tow,  high  velocity  case  (Figure  106),  the  vehicle 
had  a  stable  response.  In  Figure  106,  we  note  a  significant  large  oscillatory 
roll  during  the  constant  velocity  run  that  may  not  die  out.  The  time  interval 
was  too  small  to  determine  whether  the  response  would  dampen  to  small  maximum 
amplitudes . 

Let  us  consider  what  happens  when  we  introduce  an  excitation.  Comparing 
Figure  100  with  Figure  101  shows  that  the  response  frequency  for  a  low  value  of 
tow  velocity  is  over  twice  as  large  as  the  response  frequency  for  a  large  tow 
velocity.  There  is  insufficient  experimental  data  to  propose  an  empirical 
equation  between  the  roll  response  frequency  and  tow  velocity  except  that 
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Changing  the  length  of  tow  cable  does  not  affect  the  roll  frequency. 
Comparing  Figures  96  with  109  shows  that  the  roll  frequency  for  a  cable  length 


of  15  ft  (Figure  96)  is  the  same  as  the  roll  frequency  for  a  cable  length  of  6 
ft  (Figure  109). 

A  change  in  the  excitation  frequency  had  no  large  effect  on  the  roll  fre¬ 
quency.  (Compare  Figures  95  with  96,  102  with  103,  108  with  109  and  112  with 
113.)  The  excitation  amplitude  also  had  little  effect  on  the  roll  frequency. 

Parameters  which  influenced  the  roll  amplitude  are  interesting.  The 
greater  the  tow  velocity  the  greater  the  roll  response  amplitude.  (Compare 
Figure  100  with  Figure  101  and  Figure  107  with  Figure  108.)  The  shorter  the  tow 
cable,  the  larger  the  roll  response  amplitude  (compare  Figure  96  with  Figure 
109),  A  change  in  excitation  frequency  does  not  significantly  alter  the 
response  amplitude.  (Compare  Figure  108  with  Figure  109.) 

In  Figure  109,  we  see  the  amplitude  of  the  roll  increasing  during  the 
constant  velocity  run,  yet  in  Figure  104  we  see  the  amplitude  decreasing  indi¬ 
cating  that  short  tows  are  conducive  to  divergent  behavior.  We  can  see  a 
marked  divergent  behavior  in  Figure  110,  where  there  is  a  short  tow  and  high 
velocity.  The  roll  maximum  angles  have  doubled  ir.  magnitude  (compare  Figure 
109  with  Figure  110)  for  a  triple  increase  in  tow  velocity.  Even  halving  the 
excitation  amplitude,  the  divergent  behavior  is  evident,  though  the  maximum 
response  amplitudes  have  been  reduced  considerably.  (Compare  Figure  110  with 
Figure  li2.)  However,  once  we  exceed  the  excitation  frequency  w  =  0.2  Hz,  the 
roll  response  appears  stable  (compare  Figure  113  with  Figure  112),  although  the 
response  roll  maximum  amplitude  remains  unchanged.  Even  tripling  the  tow  velo¬ 
city  will  not  trip  the  roll  response  into  its  divergent  behavior  providing  the 
excitation  frequency  is  greater  than  0.2  Hz. 

9.3  Yaw 

like  pitch  and  roll,  yaw  had  similar  responses  to  changes  in  towing  velo¬ 
city,  cable  tow  length,  excitation  frequency  and  amplitudes.  As  che  vehicle 
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accelerates  to  its  predetermined  experimental  velocity,  it  rolls  to  a  signifi¬ 
cantly  large  angle,  then  slowly  returns  to  its  equilibrium  position.  (See 
Figures  116,  117  and  118.) 

Figures  115-117,  120,  127  and  128  are  the  runs  where  no  excitation  was 
introduced.  The  yaw  response  was  relatively  high  frequency  (0.4  Hz)  at  low 
maximum  amplitudes.  (See  Figures  117  and  127.)  The  vehicle  was  stable.  Note, 
even  the  short  tow  (Figure  128)  did  not  indicate  any  yaw  divergence. 

Let  us  consider  what  transpires  when  we  introduce  excitation.  Comparing 
Figure  122  with  Figure  123,  we  see  that  the  response  frequency  for  a  low  value 
of  tow  velocity  is  somewhat  lower  than  the  response  frequency  for  large  values 
of  tow  velocity.  Thus,  it  appears  that  the  yaw  frequency  is  not  overly  depen¬ 
dent  on  the  tow  velocity. 

Changing  the  length  of  tow  cable  does  not  affect  the  yaw  frequency. 
Comparing  Figure  119  with  Figure  131  shows  that  for  a  cable  length  of  15  ft 
(Figure  119)  the  yaw  frequency  is  the  same  as  in  the  case  of  a  cable  length  of  6 
ft  (Figure  131). 

A  change  in  the  excitation  frequency  has  a  direct  effect  on  the  yaw  fre¬ 
quency.  (Compare  Figures  118  and  119,  124  and  125,  130  and  131,  134,  and  135.) 
The  response  frequency  is  exactly  the  forcing  frequency. 

Parameters  which  influenced  the  yaw  response  amplitude  are  interesting. 

The  greater  the  tow  velocity  the  smaller  the  maximum  yaw  amplitude.  (Compare 
Figures  122  and  123,  and  Figures  129  and  130.)  This  is  just  the  opposite  to 
what  occurred  for  roll.  The  shorter  the  tow  cable  the  smaller  the  maximum  yaw 
amplitude.  (Compare  Figure  119  with  Figure  131.)  This  also  is  opposite  to  the 
roll  response.  A  change  in  forcing  frequency  has  a  pronounced  effect  on  the 
amplitude  of  the  yaw  response.  Comparing  Figure  130  with  Figure  131,  we  see 
that  for  an  excitation  forcing  frequency  we  ■  0.1  Hz.  ^  “  5  ft,  V  =  6  ft/s 
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Xe  *  18  in  (Figure  130),  the  amplitude  is  nearly  half  the  value  when  we  =  0.2  Hz, 
i  m  5  ft,  V  ■  6  ft/s,  Xe  *  18  in  (Figure  131).  But  increasing  the  excitation 
frequency  to  0.3  Hz  does  not  alter  the  maximum  yaw  amplitude.  This  suggests 
that  U)e  *  0.2  Hz  is  the  critical  frequency  for  the  towed  submersible. 

In  each  of  the  runs,  the  amplitudes  of  yaw  remained  similar,  neither 
decaying  nor  growing. 

In  all  but  one  case,  the  amplitudes  of  yaw  remained  similar,  neither 
decaying  nor  growing.  Only  for  the  low  velocity  tow  and  short  cable  length  case 
(Figures  130,  and  131)  is  there  a  pronounced  damping  of  the  yawing  motion.  None 
of  the  experimental  runs  produced  any  unstable  yawing  motion. 

9 .4  Longitudinal  Acceleration 

Figure  139  shows  the  longitudinal  acceleration  of  the  towed  missile.  Once 
the  carriage  has  reached  uniform  velocity  of  6  ft/s  (at  t  =  23.1  s),  the  missile 
decelerates  to  zero  acceleration  in  6.9  s  and  remains  at  zero  acceleration  for 
the  constant  velocity  run.  However,  at  high  towing  speeds  the  vehicle's  longi¬ 
tudinal  acceleration  was  never  zero  during  the  brief  7.5  s  constant  velocity 
run.  (See  Figure  149.)  Hence,  for  high  velocity  tows  we  cannot  state  that  the 
vehicle  was  at  uniform  velocity.  This  might  possibly  be  due  to  a  malfunction 
of  the  rate  gyros,  but  it  is  not  considered  likely  due  to  the  repeatability  of 
the  data. 

Figure  142  shows  the  longitudinal  acceleration  for  a  long  tow  (15  ft)  and 
moderate  excitation  frequency  of  0.2  Hz.  The  vehicle's  response  is  easily  iden¬ 
tifiable,  picking  up  the  surging  excitation  and  responding  at  0.2  Hz. 

Increasing  the  excitation  frequency  from  0.2  Hz  to  0.3  Hz  with  jio  change  in 
excitation  amplitude,  resulted  in  large  changes  in  acceleration  at  a  frequency 
0.3  Hz  that  matched  the  excitation  frequency.  (Compare  Figure  142  with  Figure 
145.)  This  is  also  verified  in  Figures  151  and  152,  and  Figures  155  and  156. 

In  these  examples,  the  response  is  stable  though  slightly  damped. 
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Change  of  cable  length  influenced  the  longitudinal  acceleration.  For 
example  Figure  141  ie  the  caae  where  V  ■  6  ft/a,  we  -  0.2  Hz,  Xe  -  18  in  and 
*  "  15  ft.  Figure  152  is  the  case  where  V  “  6  ft/a,  toe  -  0.2  Hz,  Xe  -  18  in 

and  A  *  5  ft.  In  the  former,  there  is  no  appreciable  change  in  acceleration 
except  an  impulsive  change  every  10  s,  whereas  in  the  latter,  there  are  con¬ 
tinual  changes  of  acceleration,  yet  the  response  is  stable  and  slightly  damped. 
Comparing  Figure  144  with  Figure  157,  the  long  tow  has  the  greater  change  in 
longitudinal  acceleration.  Yet  in  comparing  Figure  142  with  Figure  155,  we  see 
that  the  two  responses  are  similar  to  nearly  identical,  such  that  one  must  exer¬ 
cise  caution  in  making  general  statements  on  the  longitudinal  acceleration 
response  to  a  change  in  tow  cable  length. 

A  changr.  in  tow  velocity  (keeping  all  other  parameters  fixed)  results  in  a 
change  ii  the  maximum  longitudinal  acceleration  response,  as  can  be  seen  by  com¬ 
paring  Figures  144  with  145.  Small  tow  velocities  give  small  maximum  response, 
and  large  tow  velocities  give  large  maximum  response.  (See  also  Figures  146  and 
147.)  The  responses  have  similar  signatures  with  a  change  in  tow  velocity,  and 
the  responses  are  all  stable. 

The  longitudinal  acceleration  was  stable  and  damped  for  all  excitation 
variations.  This  is  evident  by  examining  a  few  examples,  such  as  Figures 
151-157. 

9.5  Vertical  Acceleration 

Figures  159,  160,  170  and  171  show  the  vertical  acceleration  response  of 
the  towed  submersible  for  the  case  of  no  excitation.  Once  the  tow  carriage 
reaches  uniform  velocity,  the  vehicle  has  very  small  vertical  motion.  In  Figure 
159,  the  towed  vehicle  was  initially  resting  on  the  water  surface,  which  is 
indicated  by  the  near  zero  voltage  line  for  approximately  9  seconds.  When  the 
tow  carriage  commenced  accelerating  the  towed  submersible  dove  deeply  and  within 
5  seconds  reached  dynamic  equilibrium. 
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Figures  165  and  166  show  the  effect  of  change  in  tow  velocity  on  the  towed 
submersible* 8  vertical  acceleration.  At  a  velocity  of  6  ft/s  (Figure  166),  the 
maximum  vertical  acceleration  is  almost  one-half  the  maximum  vertical  accelera¬ 
tion  for  a  tow  velocity  of  18  ft/s,  (see  Figure  166).  This  is  true  whether  for  a 
long  tow  cable  length,  or  a  short  cable  length.  (Compare  Figures  172  and  173.) 

The  effect  of  varying  the  tow  cable  length  on  the  towed  vehicle's  vertical 
acceleration  can  best  be  seen  by  comparing  Figure  163  with  Figure  177.  For  a 
long  tow  (15  ft),  the  maximum  vertical  acceleration  is  almost  identical  to  the 
short  tow  (5  ft).  These  results  are  for  an  excitation  frequency  of  0.2  Hz. 
Increasing  the  excitation  frequency  to  0.33  Hz,  we  find  the  long  tow  (15  ft)  case 
(Figure  166)  has  a  maximum  yertical  excitation  response  much  less  than  the  short 
t.ow  (5  ft)  case  (Figure  178).  But  then  if  we  increase  the  tow  carriage  velo¬ 
city  three-fold  for  the  short  tow,  the  acceleration  response  is  reduced  nearly 
one-third.  This  is  substantiated  if  we  compare  Figures  174  and  175.  At  a 
reduced  excitation  frequency  of  0.2  Hz,  we  see  that  for  the  short  tow  length,  a 
tripling  of  tow  has  reduced  the  maximum  vertical  acceleration  by  one- 

third.  A  cc  -'i. Action  oi  tow  cable  length  and  tow  speed  are  important  parameters 
influencing  the  cowed  submersible's  vertical  acceleration. 

A  change  of  excitation  frequency  on  the  maximum  vertical  acceleration  of 
the  towed  vehicle  is  seen  by  comparing  Figures  167  and  168,  Figures  173  and  174 
and  Figures  177  and  178.  For  long  tows  and  high  speeds,  a  change  in  excitation 
frequency  does  not  hav.  ci^uifircr  •.  .nfluence  on  the  vertical  acceleration. 
(Compare  Figure  167  with  168.)  An  increase  of  excitation  frequency  does  have  an 
influence  for  low  speed  and  short  tows.  An  increase  of  frequency  decreases  the 
maximum  vertical  accelerations  (sr  -gures  173  and  174).  But  then,  let  us  see 
what  happens  when  we  halve  the  excitation  amplitude.  Figures  173  and  174  were 
for  a  18  in  crest-to-trough  amplitude.  If  we  compare  Figures  177  and  178  (which 
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are  for  a  9  in  amplitude),  an  increase  of  excitation  frequency  gives  an  increase 
of  maximum  vertical  excitation.  Thus  a  reversal  of  trend  can  be  had  by  manipu¬ 
lating  the  excitation  amplitude.  There  also  appears  to  be  a  gradual  growth  of 
maximum  acceleration  in  this  latter  case. 

The  only  combination  of  parameters  lending  itself  to  a  possible  instability 
are  the  conditions  for  Figures  166  and  178;  i.e.,  the  low  velocity  tow,  high 
excitation  frequency  and  small  excitation  amplitude.  Both  the  short  tow  and 
long  tow  have  no  marked  effect  on  this  trend  towards  divergent  motion. 

10.  Conclusions 

There  are  a  number  of  important  conclusions  obtained  from  this  experiment. 
Some  of  them  are  general  and  appear  to  hold  for  the  range  of  test  parameters 
whereas  others  are  specific  and  hold  for  unique  values  of  test  parameters. 

The  towed  submersible  proved  to  be  stable  in  both  the  longitudinal  and  ver¬ 
tical  domain  providing  the  towed  vehicie  is  not  accelerated.  Any  acceleration 
will  cause  the  pitch  angle  to  grow.  In  most  instances  of  deceleration  there  is 
also  a  very  large  increase  of  pitch. 

Acceleration  also  causes  large  initial  rolling  of  the  towed  submersible, 
whereas  deceleration  produces  no  large  changes.  There  does  not  appear  to  be  any 
reasonable  explanation  why  roll  angle  diverges  for  certain  combinations  of  para¬ 
meters  and  not  others.  There  is  nothing  consistent  in  its  behavior.  For 
example  at  high  frequency  of  excitation  (Cases  10,  11,  23,  and  24)  there  is  a 
damped  roll  response  for  all  cases  except  for  Case  11. 

Acceleration  causes  large  yawing  motion,  but  during  the  constant  velocity 
runs,  the  yaw  is  extremely  stable.  Deceleration  produces  large  yaw  angles,  as 
woi  id  be  expected. 

The  longitudinal  acceleration  showed  no  surprises,  its  response  being  pre- 
dictible  and  well-behaved.  The  vertical  acceleration  was  stable  for  all  ranges 
of  parameters,  and  its  motion  was  verified  by  the  mathematical  model  of  section  6. 
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The  towed  submersible's  response  frequency  matched  the  excitation  fre¬ 
quency.  Spurious  data  was  obtained  at  times  and  was  attributed  to  gyro 
malfunction. 

The  towed  submersible  overshot  its  equilibrium  position  in  most  every 
instance  of  acceleration  and  deceleration,  which  is  easily  explained  by  exa¬ 
mining  the  characteristic  equations  of  hydrodynamic  stability  of  towed  systems, 
e.g..  Reference  1.  Anytime  there  are  oscillatory  roots  of  the  characteristic 
stability  equation,  one  can  expect  that  the  vehicle  will  overshoot  while 
returning  to  its  equilibrium  position. 

The  faster  the  body  was  towed,  the  less  the  natural  period  of  oscillation. 
For  example,  in  the  transition  from  6  ft/a  to  18  ft/s  the  period  varied  from  1.5 
to  1.2  seconds  for  the  vertical  motion.  The  mathematical  model  verified  an 
oscillatory  motion  with  little  tendency  to  dampen  out.  The  digital  solution 
obtained  has  an  exponential  coefficient  of  nearly  unity  (~e*).  If  an  instabi¬ 
lity  is  desired  it  is  recommended  trying  to  force  positional  instability  by 
forcing  an  unstable  acceleration  of  the  system  using  a  short  tow  cable  length 
(i.e.,  1-3  ft).  High  speed  films  show  the  towed  submersible  oscillates  ver¬ 
tically  about  its  dynamic  equilibrium  position  with  nearly  zero  angle-of-attack. 

As  the  towing  cable  length  is  reduced,  there  is  a  corresponding  decrease  in 
the  natural  vehicle  motion.  For  low  tow  velocities,  the  maximum  pitch  response 
for  a  short  tow  is  half  the  value  for  the  long  tow.  But  at  high  speeds,  the 
situation  is  reversed.  A  change  in  cable  length  does  not  affect  the  roll  fre¬ 
quency  or  the  yaw  frequency. 

The  effect  of  bouyancy  and  longitudinal  c.g.  position  on  the  motion  of  the 
toweu  submersible  was  not  significant,  and  so  the  data  is  not  presented. 

Reference  2  is  an  audio-colored  visual  tape  of  the  present  experimental 
project,  showing  the  stages  of  development  of  the  experimental  apparatus,  actual 
test  runs,  and  test  results. 


References 


1.  Suomey,  D.  C.,  "Hydrodynamic  Design  and  Analysis  of  a  Towed  Environmental 
Sensor  Vehicle,"  NCSC  report  (14  August  1979). 

2.  Granger,  R.  A.,  "Submerged  Sensing  Simulation,"  ERC  Control  No. 
05850-822115,  U.  S.  Naval  Academy,  (1983). 


a 


CALL  ,'8BIT^ 
CALL  "12 BIT" 


I 


i'll 


B 


•  i 


ft 

XJ 


"■'1 


There  are  two  routines  to  select  the  resolution  of  the  A/D  module.  Executing 
CALL  "8BIT"  in  Tektronix  BASIC  will  cause  the  module  to  convert  data  to  8  bit 
data.  One  byte  is  used  to  store  data  in  this  format.  Executing  CALL  "12BIT" 
causes  the  module  to  convert  data  to  12  bit  format  and  store  it  in  2  bytes.  The 
module  powers  on  in  12  bit  mode. 

CALL  "A/D"  X,£ 

Call  "A/D",  X,C  causes  the  channel  designated  by  the  variable  C  to  be  read 
16  times,  the  samples  averaged,  and  the  result  stored  in  the  variable  X.  This 
routine  always  operates  in  12  bit  mode  and  automatically  sets  the  gain. 

EXAMPLE: 

100  X-0 
110  Ol 

120  CALL  "A/D",X,C 
130  PRINT  X 
140  END 


CALI  "A/D"  ,A1 
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This  call  reads  a  series  of  channels.  Is  identical  to  the  above  routine 
except  that  it  requires  that  A1  be  an  array  which  has  been  dimensioned  to  the 
number  of  channels  to  read.  For  example, 

,  100  DIM  Al(4) 

110  Al-0 

120  CALL  "A/D" ,al 
130  PRINT  Al 
140  END 


will  cause  the  voltages  at  channels  1  thru  4  to  be  read  into  the  array  Al .  Note 
that  the  array  must  not  be  dimensioned  any  larger  than  16  and  that  the  array 
must  be  zeroed  before  it  is  used  the  first  time.  This  routine  also  operates  in 
12  bit  mode  and  performs  automatic  gain  selection. 
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This  routine  reads  samples  from  a  single  channel  at  a  rate  specified  by  the 

user . 

N  “  number  of  samples  to  read. 

A$  -  array  to  hold  sample  data. 

Dimension  to  N  for  8  bit  data  and  to  N*2  for  12  bit  data.  Define  the 
array  prior  to  the  CALL  by  A$-"". 

P  -  period  (in  seconds)  of  delay  between  samples. 

The  4051  maximum  is  .63  and  its  minimum  is  3.12E-5  for  8  bit  resolu¬ 
tion  and  4.8E-5  for  12  bits.  The  4052/4  maximum  is  .41  and  its  mini¬ 
mum  is  3.33E-5  in  8  bit  mode  and  4.94E-5  in  12  bit  mode. 

C  ■  channel  to  read. 

T  «  trigger  mode. 

0  starts  converting  at  the  call. 

1  starts  on  a  low  TTL  level  on  the  trigger  input. 

2  starts  on  a  high  TTL  level  on  the  trigger  input. 

R  -  gain  (range)  select. 

Valid  gains  are  1,  4,  or  32  for  any  channel. 


EXAMPLE: 


100  N-100 
110  DIM  A$(N*2) 

120  P-1.0E-3 
130  C-l 
140  T-0 
150  R-l 

160  REM  INITALIZE  A$ 

170  A$-"" 

180  REM  READ  DATA 

190  CALL  "BURST", A$,N,P,C,T,R 

200  REM  TO  PRINT  THE  DATA  IT  MUST  BE  UNPACKED. 

210  REM  REFER  TO  THE  ROUTINE  "UNPAK2" 

220  0-2048 
230  D-204.8  *  R 
240  B-2 
250  DIM  A(N) 

260  A-0 

270  CALL  "UNPAK2" , A$  ,A,N  ,B  ,0  ,D 
280  PRINT  A 
290  END 


This  mode  is  where  the  high  speed  may  be  obtained.  All  others  are  slower. 


CALL  "SCAN" ,  A$  ,N , P ,£$  ,1, R,L ,S 

Scan  is  similar  to  BURST  except  that  it  allows  a  sequence  of  channels  to  be 
scanned,  triggering  on  the  level  of  an  input  signal,  and  allows  a  number  of 
samples  prior  to  the  trigger  to  be  saved.  Its  maximum  rate  is  about  3000 
samples  per  second. 

N  “  number  of  sample?  after  the  trigger. 

S  "  number  of  samples  before  the  trigger. 

A$  ■  irray  to  hold  data. 

Dimensioned  to  S+N  for  8  bit  data  and  2*(S+N)  *or  12  bit  data. 

P  ■  time  delay  before  scanning  channels  again. 

If  C  ■  the  number  of  channels  specified  in  C$,  then  for  the  4051 
the  maximum  time  is  P  *  C*368E-6  and  the  maximum  time  is  P  =  .63 
seconds.  For  the  4052/4,  P(min)  *  C*307E-6  and  P(oaax)  “  .41 
seconds.  Appendix  E  of  the  Transera  manual  elaborates  on  this 
delay. 

C$  ■  string  containing  the  channel,  sequence. 

Numbers  1-9  specify  channels  1-9,  letters  A-G  specify  channels 
10-16.  The  channel  sequence  may  be  any  length  and  will  be 
repeated  until  the  number  of  samples  specified  by  N  are  taken. 

T  *  trigger  mode. 

0  starts  at  call. 

1  starts  at  a  low  TTL  level  on  trigger  input. 

2  starts  at  a  high  TTL  level  on  trigger  input. 

3  start 8  when  the  input  on  channel  C$(l)  is  less  than  the  value  of  L. 

4  starts  when  thee  input  on  channel  C$(l)  is  greater  than  the 
value  of  L, 

R  ■  gain  (range)  select. 

Valid  gains  for  the  first  8  channels  are  1,4,  or  32. 

The  next  4  channels  are  preset  with  a  gain  of  4  and  the  last  4 
channels  are  preset  to  32. 

L  *  level  trigger  on. 

If  T*0,  then  L  must  still  be  defined. 

S  *  number  of  samples  to  save  prior  to  the  trigger. 

If  T*0,  then  S  must  still  be  defined. 
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EXAMPLE: 


iiU  b-U 

120  DIM  A$ ( 2*(N+S) ) 

130  P=1.0E-3 
140  C$*"123459" 

150  r-o 
160  R-l 
170  L“G 

180  REM  JNITALIZE  A$ 

190  A$»"" 

200  REM  SCAN  CHANNELS 

210  CALL  "SCAN",A$,NsP,C$,T,R,L,S 

220  REM  TO  PRINT  THE  DATA  IT  MUST  BE  UNPACKED. 

230  REM  REFER  TO  THE  ROUTINE  "UNPAK2" . 

240  0“2048 
250  5>“204.8  *  R 
260  B-2 
270  DIM  A(N-S) 

280  A**0 

290  CALL  "UNFAK2" ,A$,A,N,B,0,D 
300  PRINT  A 
310  END 

This  example  scans  channels  1,2, 3,4, 5,  and  9.  The  time  between  sampling  con¬ 
secutive  channels  is  368E-6  seconds  for  the  4051.  However,  1.0E-3  second  will 
elapse  before  the  same  channel  is  read  the  next  time.  L  and  S  are  not  used,  but 
must  be  defined  and  pasced  to  the  routine.  Ten  samples  are  saved  from  before 
the  trigger  and  100  samples  are  saved  after  the  trigger.  The  gain  is  set  on  8 
of  the  inputs  in  scan  mode.  Of  the  16  channels,  the  first  8  can  be  programmed 
with  any  of  three  gains.  The  next  4  channels  are  set  to  a  gain  of  4  and  the 
last  4  are  set  for  a  gain  of  32. 


CALL  "UNPAK2",A$>A>N,B,S,D 

The  UNPAK2  routine  is  used  to  convert  data  samples  read  from  the  BURST 
and  acan  routines  into  floating  point  numbers  which  correspond  to  the  actual 

voltages  read. 

N  ■  number  of  samples  to  unpack 
A$  ■  array  to  hold  unpacked  data. 

A  *  array  to  hold  unpacked  floating  point  data. 

B  ■  number  of  bytes  per  sample. 

1  for  8  bit  data. 

2  for  12  bit  data. 


S  *  offset  subtractor  value . 

S  *  2048  for  12  bit  data. 
S  *  128  for  8  bit  data. 


D  *  scaling  factor. 

Set  D  to  204.8  *  R  for  12  bit  data. 

Set  D  to  12.8  *  R  for  8  bit  data.  Where  R  is  the  gain  factor 
specified  in  the  SCAM  or  BURST  routine. 


EXAMPLE: 


100  N-100 

110  DIM  A$(N*2),A(N) 

120  P-1.0E-3 

130  C-l 

140  T"0 

150  R»1 

160  B-2 

170  02048 

180  D-204.8  *  R 

190  REM  INITALIZE  A$  and  A 

200  A$*"" 

210  A-0 

220  REM  READ  DATA 

230  CALL  "BURST", A$,N,P,C,T,R 

240  REM  NOW  UNPACK  THE  DATA  FOR  PRINTING 

250  CALL  "UNPAK2" ,A$,A,N,B,0,D 

260  REM  PRINT  THE  RESULTS. 

270  FOR  1*1  TO  N 

280  PRINT  "A(" ; I;")  *  ";A(l) 

290  NEXT  I 
300  END 

This  example  reads  12  bit  data  from  channel  1  in  burst  mode  and  unpacks  it 
into  the  array  A  as  numbers  corresponding  to  the  actual  voltage  read.  The 
data  is  then  printed. 


41 


CALL  "MIN$" ,  A$  , Ml ,  F,_B 
CALL  "MAX$" , A$ ,M2  ,£,  B 

These  routine  are  used  to  find  the  minimum  or  maximum  values  of  data 
samples  taken  by  the  BURST  or  SCAN  routines. 

A$  *  array  of  packed  data  from  SCAN  or  BURST  routine. 

Ml  *  variable  to  be  assigned  the  min  value. 

M2  *  variable  to  be  assigned  the  max  value. 

F  ■  position  of  the  min/max  value  within  the  array. 

B  ■  number  of  bytes  per  sample. 

The  values  of  the  MIN  and  MAX  can  be  used  to  set  the  WINDOW  before  a  call  to 

PLOT$.  Refer  to  the  PLOT$  routine  on  the  next  page  for  an  example  of  the  use 

of  MIN$  and  MAX$. 


CALL  "PLOT" , A$ ,E , B,C, I 

PLOT  does  a  continuous  line  plot  of  packed  data  to  the  screen  or  external 
plotter.  The  value  of  each  sample  is  plotted  in  the  Y  direction  and  the  X 
direction  is  automatically  indexed  to  correspond  to  the  sample  being  plotted. 

A  WINDOW  command  must  be  executed  in  Tektronix  BASIC  prior  to  the  PLOT$  call. 
The  window  in  the  X  direction  should  be  set  to  the  number  of  samples  to  be 
plotted.  The  window  in  the  Y  direction  should  be  set  to  4096  for  12  bit  data 
or  256  for  8  bit  data. 

A$  *  array  to  hold  sample  data  from  SCAN  or  BURST. 

E  ■  device  number  to  plot  on. 

Tektronix  Screen  m  32 
Television  Display  Generator  "  1 

B  ■  number  of  bytes  per  sample. 

C  “  number  of  channels  scanned. 

A  separate  plot  will  be  generated  for  each  channel. 

The  value  of  C  should  equal  1  for  BURST  data. 

I  *  number  of  samples  per  channel  to  plot . 


EXAMPLE: 

100  N“100 
110  DIM  A$(N*2) 

120  P-1.0E-3 
130  C-l 
140  T-0 
150  R-l 
160  E-32 
170  I-N 
180  B**2 

190  REM  INITALIZE  A$ 

200  A$-"" 

210  REM  READ  DATA 

220  CALL  "BURST", A$,N,P,C,T,R 

230  REM  FIND  THE  MAX  AND  MIN  VALUES  OF  THE  DATA. 

240  CALL  "MIN$",A$,M1,F,B 
250  CALL  "MAX$",A$,M2,F,B 
260  REM  NOW  SET  THE  WINDOW 
270  WINDOW  0,N,M1,M2 
280  REM  PLOT  THE  DATA 
290  CALL  "PLOT$",A$,E,B,C,I 
300  END 

This  program  reads  100  samples  in  BURST  mode  from  channel  1.  The  MAX/MIN 
values  of  the  samples  are  found  in  order  to  set  the  window  so  that  Y  ranges 
from  the  bottom  to  the  top  of  the  plot,  i.e.,  YMIN  is  at  the  bottom  and  YMAX 
la  at  the  top  of  the  screen.  Plotting  is  done  to  the  Tektronix  screen  (device 
#32)  and  all  data  points  are  plotted.  The  axis  is  not  drawn  or  labeled, 
however  this  may  be  done  by  functions  within  Tektronix  BASIC 


Naval  Academy  Time-SHarins 

Line  0/0232  on  at  17:31  21  Mar  82,  034  users. 

ATTN  USERS:  THE  COMPUTER  WILL  BE  UP  UNTIL  0330  MONDAY  MORNIN 

User  number— 820876 , 

Course  number — NOC 

Ready 

t 

OLD  L . ES*** : INVERSE 
Ready 

100  DATA  1 
110  DATA  1 

120  DATA  2, 1 , .213,2.340 
130  DATA  1 

140  DATA .5,1,. 356 ,9.96,. 833 ,17.831,0 
150  DATA  YES, 0,10, .1 
ISO  DATA  YES 
RUN 

INVERSE  21  Mar  92  17133 

GAIN  *  1 

NUMERATOR  TERMS 

1  0.213  2.34 

NUMERATOR  ROOTS 
-0.1085  J-l. 52599 

-0.1065  J  1.52599 


DENOMINATOR  TERMS 

1  0.356  9.96  0.833  17.831  0 


DENOMINATOR 

ROOTS 

MULTIPLICITY 

0 

J  0 

1 

0 

J-l .52972 

1 

0 

J  1.52972 

1 

-0. 178005 

J-2. 75468 

1 

-0. 178005 

J  2.75468 

1 

THE.  SOLUTION,  X(T),  IS 
0. 1312 

0.0262  * E X P (  0  T)*SIN<  1.52972  *T+<-6  )) 

WN  =  1.52972  Z  =  0 

0.1305  *EXP(-0. 178005  T)*SIN(  2.754G8  *T+(-l01  )) 

WN  =  2.76043  Z  =  S.44845E-2 


THE  RESPONSE  OF  X(T>  IS 
TIME  X(T) 

0  CMJW)  1 . 098SSE-7 
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0.3 

0. 13937 

0.7 

0.173399 

0.8 

0.20488 

0.9 

0.23073 

1 . 

0.249825 

1 .  1 

0.280408 

1.2 

<*4X.)  0.282554 

1.3 

0.258185 

1.4 

0.241948 

1.5 

0.22113 

1.3 

0.195371 

1.7 

0.  138309 

1.8 

0. 13392 

1.9 

0.108358 

2. 

8. 2B124E-2 

?  1 

8. 18724E-2 

4 . B7273E-2 

2.3 

0.038096 

2.4 

3.S1948E-2 

2.5 

4 . 07432E-2 

2.8 

5. 10071E-2 

2.7 

S.58728E-2 

2.8 

8.394S8E-2 

2.9 

0.103872 

3. 

0.123452 

3.1 

0. 141773 

3.2 

0.157313 

3.3 

0.189035 

3.4 

0.17G255 

3.5 

0.178878 

3.6 

0. 17S39S 

3.7 

0. 1S9887 

3.8 

0. 15394 

3.9 

0.14759 

4. 

0. 134033 

4.1 

0.120521 

4.2 

0.108234 

4.3 

9.83358E-2 

4.4 

9 . 159G7E-2 

4.5 

(*•*)  8.8S294E-2 

4.8 

0.089702 

4.7 

9.47551E-2 

4.8 

0.103413 

4.9 
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APPENDIX  C 


Computer  Jolution  of  Vertical  Motion  Laplace  Transform  Equation 

for  R  «  0.5  ft,  i  *  10  ft 
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Figure  A. I  is  a  longitudinal  view  of  the  USNA'a  380  ft  long,  26  ft  wide 
and  16  ft  deep  towing  tank.  The  380  ft  operating  length  was  chosen  to  give  5 
■econda  of  steady-state  data  at  30  knots  and  sufficient  length  to  accelerate, 
stabilise,  and  decelerate  the  2000  lb  carriage  and  800  lb  towing  strut 
assembly. 

The  tank  cross  section  is  shown  in  Figure  A-2.  The  16  ft  depth  minimizes 
surface  wave  problems  and  ventilation  for  high  speed  submerged  vehicles.  The 
26  ft  width  minimizes  blockage  corrections. 

The  rail  supports  are  structurally  isolated  from  the  tank  walls  to  mini¬ 
mize  carriage  generated  noise  transferring  into  the  water  as  well  as  to  raise 
or  lower  the  water  level  without  affecting  rail  alignment. 

The  h\gh  speed  carriage  is  externally  powered  and  provided  the  housing  for 
the  investigator  and  instrumentation. 

Measurements  made  in  the  high  speed  basin  at  NSRDC  revealed  that  any 
noise  caused  by  the  rooster  tail  of  a  towing  strut,  together  with  cavitation 
and  ventilation  near  the  water  surface  may  be  a  serious  problem  at  frequencies 
above  1  kHz.  Thus  only  at  high  velocities  of  tow  would  rooster  tails  be  a 
problem,  and  thus  a  bottom  plate  was  attached  to  the  box  beam  to  catch  the 
spray  before  it  hit  the  surface. 
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Fig-A-f  Longitudinal  view  of  380-ft  tank 
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Figure  No.  3.  Towing  Plug 
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14  ft.  Stainless  Steel  Pipe 
inside  Towing  Spar 


Feeder  Block  with  cover 
plate  removed  to  show 
cable  inset.  Note  cable 
attachments  on  both  sides 
of  block  that  connect  cable 
from  vertical  excitation 
apparatus 
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Figure  No.  9.  Feeder  Block 
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Hydraulic  Pump 
Mounted  on  tow 
carriage  deck 


Hydraulic  Lines  to 
Piston  Actuator 


Motor  for  Vertical 
Exci tat  Ion 
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Figure  No.  15.  Electrical  Hookup  of  Hydraulic  IJnir 
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Figure  No.  16.  Electrical  Hookup  of  the  Digital-Analog  Converter 
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Figure  No.  24.  Acceleration  vs.  time  for  R 


5/12,  1/2,  7/12  ft,  5- 


12.5  ft 


77 


,N  V  -  ,  L'.  \ 

itoakLma  • 


i 


/tartcoC*  £f*C  //Co  J e'er 

B  L*.t - 

- 4T 

.  ».*.-  -ft- 

iflctiTuiv.ii'jo*  w  "Tine 

A*c 

jC 

C<«r* 

■»«’  5  -<H 

CSKi»  /*  r>A,uu  82 

/<<?.* 

_ 

>  K  "  H*f 

Figure  do,  34.  Velocity  vs  time  for  R  ■  5/12,  l/2  -]j\i  ft 
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Figure  No.  47.  Towed  Submersible ' a  Velocity 
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Figure  No.  50.  Towed  Submersible's  Veil  Lty  vs  Time,  Case  6 
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Figure  No,  52.  Towed  Submersible's  Velocity  vs  Time,  Case  8 
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Figure  No.  53,  Towed  Submersible's  Velocity  vs  Time,  Case  9 
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Figure  No.  57.  Towed  Submersible's  Velocity  vs  Time,  Cese  13 
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Figure  No.  63.  Towed  Submersible's  Velocity  vs  Time,  Case  19 
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F;,gure  No,  65,  Towed  Submersible's  Velocity  vs  Time,  Case  21 
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Figure  No.  68.  Towec*  Submersible 1  s  Velocity  vb  Time,  Case  24 
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Figure  No.  72.  Towed  Submersible's  Pitch  vs  Time,  Case 
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Figure  No.  80.  Towed  Submersible’s  Pitch  vs  Time,  Case 
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Figure  No.  82.  Towed  Submersible's  Pitch  vs  Time,  Case  15 
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Figure  No.  84.  Towed  Submersible's  Pitch  vs  Time,  Case  17 
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Figure  Ho.  88.  Towed  Submersible' e  Pitch  vs  Time,  Case  21 
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Figure  No.  90.  Towed  Submersible's  Pitch  vs  Time,  Case  23 
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Figure  No.  91.  Towed  Submersible's  Pitch  vs  Time,  Case  24 
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Figure  No.  92.  Towed  Submersible's  Roll  vs  Time, 
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Figure  Ho.  96.  Towed  Submersible's  Roll  vs  Time,  Case  6 
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Figure  No.  111.  Towed  Submersible's  Roll  ve  Time,  Case  21 
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Figure  No.  118.  Towel  Submersible's  Yaw  vs  Time, 
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Figure  No. 
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125.  Towed  Submersible's  Yaw  vs  Time,  Case  13 


Figure  No.  134.  Towed  Submersible's  Yaw  vs  Time,  Case  22 
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Figure  No.  138.  Towed  Submersible's  Longitudinal  Acceleration  vs  Time,  Case  3 
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Figure  No.  143.  Towed  Submersible's  Longitudinal  Acceleration  vs  Time,  Case  9 
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Figure  No.  150.  Towed  Submersible's  Longitudinal  Acceleration  vs  Time,  Case  17 
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Figure  No.  154.  Towed  Submersible's  Longitudinal  Acceleration  vs  Time,  Case 
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Figure  No»171«  Towed  Submersible's  Vertical  Acceleration  vs  Time,  Case  16 
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Figure  No. 174,  Towed  Submersible 1 s  Vertical  Acceleration  vs  Time,  Case  19 
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Figure  No. 176.  Towed  Submersible* s  Vertical  Acceleration  vs  Time,  Case  21 
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